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Page  188. 

COMBINED  PLUS  INTEGRAL  CONTROL  IN  THE  SERVO  SYSTEMS. 

B.  V.  Novoselov. 

I.  Formulation  of  the  problem. 

In  the  practice  of  automatic  control  vide  application  obtained 
the  servo  systems  of  the  combined  control  (SSKR)  (Fig.  1A) ,  which 
together  with  many  positive  properties  possess  a  number  of  the 
essential  deficiencies/lacks: 

for  satisfaction  of  the  conditions  of  invariance  it  is  necessary 
to  measure  and  to  differentiate  the  input  effect  (W); 

the  conditions  of  invariance  require  the  strictly  defined 

relationships/ratios  between  the  levels  of  the  compensating  signals 

0 

(KS)  and  the  parameters  of  main  circuit  SSKR; 

the  limited  number  of  derivatives  of  W,  ensuring  the 
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compensation  for  the  steady  errors  into  some  modes  of  operation  SSKR,J 
can  lead  to  an  increase  in  the  errors  in  other  operating  modes?  1 

'  the  presence  of  derivatives  of  VV  can  cause  an  increase  in  the  j 
error  SSKR  in  the  presence  of  interference  at  the  input  and 
excessively  increase  the  oscillation  property  of  system  with  the  j 
changes  in  VV. 

In  this  work  is  examined  one  of  the  ways  of  an  improvement  in 
the  quality  of  SSKR  in  the  presence  in  it  of  KS  on  one  derivative  of  j 


alone  VV 
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In  diagram  in  Fig.  1A 


K 


W  K'.P i  "  p[\  +  Ttp,{l  -r ~hP)' 


(l.D 


In  this  system  of  the  expression  of  errors  9,,  9*  f°r 
proportional  ones  with  respect  to  rate  Q,  and  acceleration 
they  take  the  form 


1 


9.  =  Cfi%  ~  2,lini -</*«(/»;  = 

p—~J  I* 


1  pn-t-7,PMi  i-r7p)-Rvp  n 


(1.2) 


e 


L  =•  C.t,  =  s,!im  -=  1^h(p)  —  Cj  />]  - 
r-op- 

A'-fr.  -  -  i  +  Kf 
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In  the  stationary  parameters  of  SSKR: 


1 

7\  + "/  j 

if 

?  «=*  t„  10  9 
z.  A 

-  »•  9-  -  /, 

(1.4) 

1—  /\l  7  ,-r 

7V;  cn  „  „ 

if. 

r  “  A 

— to  ^=(7,  s-r,ia,.  9„=o. 

(3.5) 

Key:  (1)  that. 


Fig.  2a,  b  depicts  the  oscillograms  of  work  of  SSKR  during  two 


tuning 


Key:  (1)  and. 


\0)  \-K{Tx-\-T, 


C  =  _  I!  f  —  . 

li 


On  the  basis  of  (1.4),  (1.5)  and  Fig.  2a,  b  it  follows  that  by- 

changing  tuning  of  KS  in  such  a  way  that  with  W  8, (;}=&,*  would  be 

.  .  i  .  «  p 

ensured  relationship/ratio  ana  with  W  =  _ _  - 

K  2 


I,  it  is  possible  in  the  presence  ol 


relationship/ratio  *  ■=  1  A. T7:  ;s  pOSSi£>ie  in  the  ores? 

A 

KS  only  on  one  derivative  of  W  to  ensure  compensation  9„  9.». 


For  guaranteeing  the  minimum  of  the  sum  of  the  squares  of  erro: 


*3  Sflu  (f. 

& 


tfe*  «  e  * 4  e**=s!*. 


1-2  Hv+h2?* 


H-i  T ,  -f  ra  ]2— 2(1 — AeiA'C  r, + 71)  -H 1  -K?)5 
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it  is  necessary,  on  the  basis  of  the  condition 


dttz  2K*o-'2A'  2A3(7',-f  T1)  +  2H>?—2K 

"  “  .  u.  - - - - -0,  ( 1 .7) 


o ? 


a3 


A'4 


to  -ensure  tuning  of  KS  according  to  the  law 


I  -  (r,+ r,)+ic^ 


¥  = 


1  +  A2 


O  2 
'  \ 


(1-8} 


m*t*  i .  w  art  «afe  fcfcim  ***l  *h»ui  **i 
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Fio.  2.  Oscllioarams  of  work  of  SSKR « 


Key:  (1).  s. 


Page  190. 


If  K2rr'  -1,  then  law  (1.8)  takes  the  form 


V  II 


"iSrh'lK  *' 


rjK 


During  the  final  adjustment  of  W  of  form  ^,(f)  «,,sin for 
guarantee  -min'  it  v?ould  be  necessary  to  change  ©  according  to  laws 
(1.8)  or  (1.9),  but  for  this  is  necessary  measurement  Si.  which  is 
virtually  complicated.  Moreover,  measurement  would  make  it  . 

mi 

possible  to  carry  out  the  combined  control  (KU)  on  two  derivatives  of  J 
VV,  which  would  ensure  in  the  stationary  nanometers  SSKR  0.  «„=0. 


In  the  presence  only  of  one  derivative  of  W  it  is  expedient, 
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which  will  shown  below,  for  guaranteeing  the  high  accuracy  in  the 
moaes/concitions  of  the  final  adjustment  of  W  of  form 
«,  «,'/)=  -—7-.  h (w<l )  supplement  of  KU  by  the 

integral  control  (IU)  (Fig.  ib,  c } .  In  the  present  work  are  examined 
the  results  of  experimental  final  adjustment  of  SSKR  with  IU  and  are 
indicated  the  ways  of  further  improvement  in  the  quality  of  systems 
of  this  tvoe. 


2.  Investigation  of  SSKR  with  IU. 


Is  possible  realization  SSKR  with  IU  on  the  diagrams  in  Fig.  lb 


end  1c,  where 


h  p)  “  p{\  \-T,py\-rT.p^'  'ip)  =  iP' 

Kn(p)  -  K  -r  y  •  (2.1) 

The  transfer  function  of  locked  SSKR  with  IU  and  expression  of  error 
during  the  final  adjustment  of  W  they  take  the  form:  for  the  diagrar 


in  Fig,  lb 


‘  &t:p) 

■  ■  A{  A- p  Kii)  ( 1  --c//. 

p*i  1  I\i>  tl  4*  T»0\  r  AA*»/»  --  A' A/.* 
ai  .  _  i-(l -A'AVf AVxVf/? 


for  the  diagram  in  Fia.  1c 


*  i  Wi  ui  1  f  “  'I  Win-  ■ 
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_  K‘p'.\?(p)-*-h:np)  1 

«j{/m  *'  1  4-  A  .p)KiiiP  ‘ 


pr.\  -T  Tip';\l  T  Tipi  '■  &ntP  +  AA;r 

T%T.»'~(  7,-4-  F.  >M-f  1  -  Ao  V* 


vzM’. 

(-’.5) 


e(/»i  -  «,(p)  /!3  j...  7  i  .:  !,.ps  ...  A4*C4/»  -4-  A  a  if 

The  transfer  functions  of  closed  system  relative  to  the  moment 
disturbance/perturbation  M(t)  for  the  diagrams  in  Fig.  lb  and  1c  are 
identical 


ffiul/f) 


h\«  P) 


0.-OM 

M  (Pi  1-rKmpWp) 
KmP{1  +  TiP)M{p)  * 


(2.6;. 


P*U  +  7,p)(l  -r*  Tip)  T  A'7C«P  +  A  A'// 

According  to  (2.6)  in  SSKR  with  IU  during  the  constant 
disturbance/perturbation  M(t)=K=consi  moment  error  0.«-C'm1/=O. 

Page  191. 

From  analysis  (2.2)— (2.5)  it  follows  that  in  the  stability  the 
diagrams  in  Fig.  lb  and  1c  identical,  but  are  different  in  the 
accuracy  and  the  oscillation  property  during  the  final  adjusi 
W. 


■  #** v 


For  the  diagram  in  Fig.  lb 

H  =,  _  2.3  ft,  = 

C  «T#  * J 

for  the  diagram  in  Fig.  lc 

*  *  *  ’  KKtt 


-I 

a ;/vT 


(2.7) 


a  o.z  0.4  os  os 


— ^ 
b£L 

lM. 

% 

— 

— m 

tr=^ 

~Vf?f 

_ 

m. 

0  as  0.4  0.6  £ 

Fig.  3.  Experimental  schedules  of  operation  of  SSKR  with  IU, 
Key:  (1).  [angl.  min].  (2).  Tuning  of  KU  with  ...  s.  (3).  s. 
Page  192. 


Fig.  3a  presents  the  dependences  of  the  maximum  value  of  error 
•  -  .  U7,  I IV', 

Hm  in  unction  -  (---  ~  characterizes  the  position  of  the  wiper  of 

*  irt  ’  ”  |(t 

potentiometer,  with  the  help  of  which  is  regulated  the  factor  of 
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amplification  of  integrator)  during  the  final  adjustment  of  VV 

«30ii«.\,/for  the  tuning  of  KS  in  dependences  (1.4)  and  (1.5).  From 
the  analysis  of  graphs/curves  it  follows  that  during  the  tuning  of  KS 
on  '(1.5)  the  introduction/ input  of  IU  is  more  effective  than  during 
the  tuning  on  (1.4).  This  is  connected  with  the  fact  that  the 
integrator  of  error  is  capable  to  ensure  compensation  only  RK. 

Fig.  3b  depicts  dependences  7)  for  different  structures  of 

SSKR  and  different  tuning  of  KS.  Best  on  the  accuracy  is  SSKR  with  IU 

during  the  tuning  of  KS  on  dependence  (1.5).  With  an  increase  in 
1 

frequency  *■>-■=  y  of  change  in  VV  error  h„;  in  SSKR  increases,  since  with 
an  increase  u  increases  weight  h<#.  Smallest  change  with  change  T  is 
observed  in  SSKR  without  IU  with*  the  tuning  of  KS  on  (1.5). 


i  IP,  \ 

Fig.  3c  presents  the  dependences  of  transit  time  U -- /[-rp-1  during 

'  »  io' 

the  final  adjustment  of  VV  (different  signs)  of  the  form 

n 


— —  "P»  o <t<~ — , 
®j(7)  —  Q  «v 


'Im 


I  m 


-i J  »i>»  t  >  r- 


Key:  (1).  with 


e,_ 


(2.8} 


Fig.  3d  and  3e  der.icts  respectively  transit  time 

).  /«  ~/(  ~  )  during  the  final  adjustment  artificially  created 

minutes  of  angle  .and  £*^=21  minutes  of  angle.  In  the 
modes/conditions  indicated  the  mean-quaciradic  error  of  SSKR  with 
IU  during  the  tuning  of  KS 
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according  to  the  law  (1.5)  decreases  5-20  times  in  comparison  with 
SSKR  without  IU. 


From  the  analy.  i  of  w,’.e  Dependences  Fig.  3a-3e  it  follows  that 
the  optimum  tuning  of  i.ntt-grator  for  SSKR  being  investigated  is 


All  given  above  results  are  obtained  in  the  stationary 
parameters  of  SSKR. 


However,  the  transiency  of  the  parameters  and  the  nonlinearity 
of  the  characteristics  of  eleroents/cells  of  SSKR  with  IU  cause  the 
disturbance  of  the  conditions  for  compensation  which  can  lead  to 
increase  to  the  inadmissible  value. 


V?ith  the  disturbance  of  condition  ?  =  (change  in  the  factor  of 
amplification  of  K  of  SSKR  or  change  in  KS  (?)  Uy-PO  accepts  the 


value 


1  -  (A-  -s-  AA>  __  1  Vv  _ 

**  ~  -  *  KK;i  l±tlf 


"  +  ^ 


A  A 
H 

Mi  ’ 

1  ±  -7 - 


©0  “  *1 


“  h 
1—  A(9  + As?) 


_ ' 


(2.10) 
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Page  193. 

'  Fig.  Id  depicts  block  diagram  of  SSKR  with  IU  (II),  in  which  thef 
part  of  KS,  developed  by  differentiator  (Difl)  and  preliminarily 
rectified  by  rectifier  (D),  is  multiplied  in  the  block  of  product 
(BPl)-by  output  signal  of  integrator  (12)  of  actual  error  of 

SSKR.  If  HjjbU,  then  signal  at  output  BPl  is  equal  to  zero.  If 

then  at  output  BPl  appears  the  signal,  which  compensates  for  The  jj 

1 

presence  of  D  in  the  circuit  of  KS  ensures  sign  change  at  output  BPl 
with  sign  change  in  VV.  II  affects  both  the  accuracy  and  stability  of| 
SSKR;  target  12,  BPl,  KS  affects  the  accuracy  and  oscillation 
property  during  the  final  adjustment  of  VV,  but  it  does  not  affect 
stability  and  quality  of  the  free  transient  processes  when  W  is 
absent.  To  the  investigation  of  this  diagram  is  dedicated  the  3rd  f 
section  of  this  article.  1 


3.  Investigation  of  work  of  SSKR  with  IU  in  presence  of  internal  and 
external  disturbances/perturbations . 

In  view  of  a  continuous  change  of  the  parameters  of  transient 


SSKR  in  the  process  there  is  no  its  work,  steady-state 
modes/conditions  in  the  usual  concept  (with  t-*») ,  However,  by 
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analogy  with  stationary  SSKR  we  will  determine  when  0,, 

- 

when  -  ~  »  with  M(t)=M=const  and  so  forth. 


'  Let  the  work  of  SSKR  (Fig.  id)  be  described  by  the  differential 
equation  of  form  (with  the  initial  zero  conditions  and  the  only  the 


.f  i cat  ion 

of 

system) 

d-B 

d*8 

rfe 

7  jT-.-r-  + 

1  -  dtj 

1 

[T'  +  ,V'dF 

f 

t 

+  K„K{ 0  f 

i 

Bdt 

-1-  \lv,/\i 

| 

u 

d'0, 

C 

- 

■  +  \ 

7\  +  7*1 

~dF  + 

•  1  1  - 


+  |,  ~  ?A  (01  +  ,W(0  Km  + 


.  _  dM{t)  „ 


Equation  (3.1)  is  nonlinear  (contains  product 

S'lU 


also,  with  the  variable  parameter  K(t).  If  we  suppose  that  -  in 
advance  known  function  of  time,  and  the  time  of  integration  II,  12 
identical,  then  equation  (3.1)  can  be  in\ c stigated  in  the  first 
approximation,  as  linear  with  the  variable  coefficients,  utilizing  L. 
A.  Zade’s  method  [1]  -  [3], 

After  diviair.c  left  and  richt  side  (3.1)  for  the  sum 


MO-  K[t\[  h„  •-  W,j~  ]. 


where  a(t)^0,  and  then  it  differentiated  both  parts  of  the  equation 


. . . . . . . . . . 
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for  independent  by  the  variable/alternating  t,  we  will  obtain 

rf'O  rf'H  |/-*H  t]H 

A*{n?.r  +A'inir  +  A‘ 


di 
(/'Mi/, 


MO  ;F-  .  «. 


irH,  e3*-*. 

-  .  />'.  / 

•  <//* 


/Ml  i) 

c.,u'  -  ,,  •  <;,(/  dn/i. 

(Is 


*;u- 


Page  194, 


Prom  equation  (3.3)  it  is  possible  to  determine  the  conditions 
for  the  compensation  for  components  f  with  the  particular  forms  of 
VV 


h„  =; 

(0  oiviH 

II |1l! 

L\,l\  U; 

l-j-h 

(.Ml 

- 

l-H7~ 

0. 

©(.-on: 

npit 

Ct(; 

u. 

Cs(/}— 0; 

1 3,5) 

<3*  co.iii 

( 

= 

o. 

llpll 

f>tK 

HyJ 

=0; 

(3.6 . 

ed 

ec.iii  npit  :>t %  «.(/) 

*,<n 

“0: 

(3.7. 

ft  • 

.3.8} 

”... » 

Xt  dr 

=  0. 

00.1 11  lipit  1' 

Key:  (1),  if  with. 

In  (3.4)- (3. 8)  -  the  duration  of  pulse  transient  response  of 


SSKR , 


For  the  change  in  the  time  of  factor  of  amplification  of  SSKR  ij 


the  dependence 
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Table  1. 
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Ai(M=7i“ 
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-  1 

1 

1 

-• 

bad--',,  ?= o 

0 

UlHUKfC 
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.0 
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ha 

Key:  (1).  Conditions  for  error  compensation.  (2).  Type  of  SSKR  (3) 
Mode  of  operation  of  SSKR.  (4).  Free  transient  process. 


. . . 
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Tables  1  and  2  present  the  conditions  for  compensation 
H,«t.  for  different  structures  of  SSKR  with  standard  VV  (for 

simplification  in  the  tables  they  are  accepted  designation 


7.«*/C  f A 


lt*i— it  -■*  +  EViO* 


From  the  analysis  table  1  and  2  it  follows: 


1.  In  structure  1  (usual  diagram  of  SSKR)  even  in  the  stationary 
parameters  of  SSKR  w h  <V^0,  Bk-0  with 

a)  A(]— 0,  Ao=c.  b  = 

2.  In  structure  II  (SSKR,  supplemented  by  ID)  (*.,.«</.  9e=0.  in  the 

stationary  or  slowly  changing  parameters  of  system  (K* — -0).  In  all 
modes/conditions  0.  When  A',  =  06.mi'  accepts  minimum  value 


..  n_nvith  Kj=0  and  satisfaction  of  condition  KJ=o, 

M  KKh  *  " 


3.  In  structure  III  (SSKR  with  tuning  of  KS  according  to  the  lav 


Wx)$di)  with  Kj^O  or  vithAj=0,  but  absence  of  W  9,n-*0. ^r^O.  with  VV 


6|{*)=JV,  h«=0.  if  Kj=0 .  With  W  e,i/)aQ|f  e,,„— 0,'if  K,=0  and 

t  f~ 

n.->=.  With  W  $,'0  —  0,  if  Kj=0  and  t,*— co.  6,=0  with  Kj=0. 

9,»— -0  with  K.=0  and  satisfaction  of  condition  K»=o, 


4,  In  structure  of  IV  (SSKR,  supplemented  by  KU,  with  tuning  of 
KS  according  to  the  law  ip,j  edt)  0*-0  with  Kj=0;  9H— 0  when:  a)  W 

t  O 

e,r =  if  O !-*•*»;  b)  W  «,(/)=  V*,‘  if  with:  a)  Kj=0  and  W 
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Ej  t* 

9,?/)  =  2,/;  if  H,— >»;  b)  Kj=0  and  W  ,  if  ‘e,=0  when 

'e,— u,  with  VV  if  oj_>os,  ea~o  with  K!=0  and  satisfaction 

of  condition  Ke=<p. 

The  results  of  the  investigation  of  effect  of  II  on  the  quality 
of  work  of  SSKR  are  represented  by  the  graphs/curves  of  Fig.  3,  and 
effects  12  -  by  oscillograms  Fig.  4  and  5. 
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Pig.  4.  Experimental  oscillograms 
of  KS  according  to  the  law 


of  work  of  SSKR  with  1U  and  tuninc 


Key:  (1).  s. 


Page  1S7. 


Fig.  4a  end  4b  presents  final  adjustment  of  W  while  t 


Fig.  4c  and  4d  -  W  $*,(**  =s*»Insinwf  of  SSKR  with  the  3  and  III 


structures  when  disturbance/perturbation  >.  f}=Asinei  in  the  circuit  c 


KS.  Introduction  12  made  it  possible  to  reduce  «  2-3  times,  and 


root-mean-square  error  ^—n 5-^20  for  times. 


Fig,  4d-4h  presents  work  of  SSKR  with  the  I  and  III  structures 
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with  the  pulse  torque  load  M(t)  vith  the  pulse  repetition  rates 
f,=2,5  Hz,  f.=5  Hz.  Maximum  value  with  introduction/input  12 
descends  1.5-3  times,  while  5-20  times. 

Fig,  5  depicts  the  oscillograms  of  work  of  SSKR  I  and  the  III 

structures  in  the  case  of  the  slowly  changing  parameters  of  system, 

i.e,,  in  the  case  when  working  conditions  can  be  formulated  as 

follows:  when  0 <i<tK  are  broken  the  conditions  for  compensation 

e  f-  ^  _ll  12  it  must  ensure  the  elimination  of  the  steady  errors. 

‘v 

l  ■-,** 

When  u.-fz-u  t  ana  *  ¥■■  r.  ^.^0  (Fig.  5a).  When  $,(?}  =  •—*  (Fig* 

*  *  f\  */ 

=  t-  *  i 

5b)  p  )  =  2,f**--0—  (Fig.  5c)  and  >  =  -  ©<,=0  (by  solid  lines  are 
represented  processes  in  SSKR  I  of  structure,  and  broken  -  in  SSKR 
III  of  structure). 


From  the  analysis 
introduction/input  II, 
decrease  of  the  effect 
disturbances/perturbat 

In  structure  IV  i 
12  integrator  21  to  sv 

Conclusion/output . 


of  the  obtained  results  it  follows  that 
12  into  SSKR  is  the  effective  means  of  the 
of  internal  and  external 
ions  on  the  accuracy  of  SSKR. 

t  is  expedient  for  the  decoupling  of  work  II, 
itch  on  in  the  work  only  in  the  absence  of  VV. 
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1.  Following  systems  of  combined  control  together  with  large 
advantages  possess  number  of  essential  deficiencies/lacks,  first  of 
all-:  dependence  of  quality  of  work  of  system  on  change  in  ambient 
conditions  and  piactical  iinitecness  of  number  of  derivatives  of 
inout  effect. 


2.  It  is  expedient  in  number  of  cases  to  supplement  combined 
control  of  integral. 
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